Analysis of proliferative activity and the ability to neuron differentiation was performed in cultured cells of the brain and spinal cord of juvenile masu salmon Oncorhynchus masou. Proliferating cell nuclear antigen (PCNA) was used as a proliferative marker, while the markers of neuronal differentiation-a neuron protein HuCD, and a neuron-specific transcriptional factor with two DNAbinding sites Pax6-detected neurons. The results showed that cell proliferation occurred mainly in the suspension cell fraction. In monolayer, a few cells were only found to express PCNA. The results of morphological and immunohistochemical analysis allow us to conclude that proliferative activity in primary cultures from the O. masou brain is mainly connected with the suspension fraction of small cells. In contrast, a positive correlation between the cells expressing cystathionine β-synthase (CBS), a marker of H2S synthesis, and the cells expressing PCNA in the monolayer, indicates the participation of H2S in proliferative activity of neurons in primary cultures. The data obtained suggest that the hydrogen sulphide is also involved in the process of differentiation.
Introduction
After injury of the central nervous system, in particular of the spinal cord, the locomotor activity of the fish can effectively recover [1] . It concerns the ability of the central projection neurons to regenerate damaged axons, the emergence of new cells in the zone of injury, and the occurrence of high proliferative activity in nearby neurogenic niches and proliferative areas of the brain [2] . Both of these processes, axon regeneration and neurogenesis, contribute to anatomical and functional recovery in the injured CNS of adult fish. Its intrinsic growth and repair capacity, combined with its experimental amenability, present the salmon fishes as a good model for investigations of CNS restoration [3] . However, mechanisms such as high reparative activity in the nervous tissues of fish, including both anatomical and functional regeneration remain poorly explored. Some in vitro model systems have demonstrated their potential for studies on CNS injury and repair [4] . But, so far a model system of adult salmon primary brain neurons has not been described. Here, we report on an in vitro model system of neural cells from masu salmon O. masou.
We present morphological data and some cellular characterization supporting the use of this novel in vitro tool in investigations of neurochemical properties, axonal growth and neurogenesis in CNS. For a more detailed study of the properties of cells expressing CBS, their relationship with the cells with different neurochemical specialization in the central nervous system of fish, their characteristics of the processes of proliferation and differentiation, and the features of participation of hydrogen sulfide (H 2 S) in reparative neurogenesis, the primary culture of brain and spinal cord from the O. masou was set up and properties of proliferation and differentiation were analyzed with the help of specific markers (HuCD, Pax6, CBS, and PCNA).
Materials and Methods

Animals
The fishes were kept in the standard environment in the aquarium (salinity: 5‰, temperature: 15˚C -17˚C). Five specimens each of the masu salmon, Oncorhynchus masou (in age of one year and four months with the average body length 20 -22 cm and average body weight 25 -30 g) were taken from Rasan fish hatchery (Primorisky region, Russia).
The conditions of the animals were monitored by the aquarium equipment room: the room temperature in the aquarium was maintained by air conditioners. Salinity in water aquariums was created by adding fresh water to sea water with salinity equal to the formation of 5‰. The level of salinity of sea water was monitored using a refractometer (Refractometer "AtagoATS-S/Mill-E", Japan).
Primary Culture
The fishes were sacrificed by decapitation; brain and spinal cord were dissected out aseptically and washed in sterile PBS. The minced tissues were transferred to a sterile 15 ml tube and washed thrice with PBS. In each wash, the pieces were allowed to settle down for some time and the supernatant was discarded. The tissues were then treated with trypsin (0.25% and 0.025%) and collagenase (28 U and 56 U), incubated in water bath at 28˚C for 15 minutes, transferred to a 50 ml sterile tube and suspended in a complete growth medium (five times to the volume of the trypsin used): Leibovitz's L-15 medium containing 10% fetal bovine serum and 0.4% (v/v) penicillin/streptomycin antibiotic cocktail (Gibco, Invitrogen, USA). A single cell suspension was prepared by disaggregation. The resulting suspension was allowed to stay in the centrifuge tube for 5 minutes, followed by careful aspiration of the floating cell clumps with the aid of pipette. The suspension was centrifuged at 200 × g for 5 minutes, the supernatant was discarded and the pellet was resuspended in the complete L-15 medium. The resulting cell suspensions from brain and spinal cord were seeded in the small (35 mm) specially coated duplex dishes and maintained in the incubator at 28˚C for 3 -4 days for further proliferation and differentiation. Cells were regularly monitored under the microscope (Axiovert Apotom 200 M, Carl Zeiss, Germany).
Immunocytochemistry
After 4 days in culture, the cells from suspension were centrifuged at 250 × g for 5 min and fixed with 4% paraformaldehyde for 30 min at room temperature, followed by a PBS wash. To quench the endogenous peroxidase activity, the cells were incubated with 3% hydrogen peroxide for 5 min and washed with PBS. To reduce the background staining, cells were incubated with 10% normal serum in PBS and then with primary antibodies for 1 hour at 37˚C against PCNA (Santa Cruz Biotechnology; USA; 1:200); Pax6 (Chemicon; USA; 1:300); HuCD (Invitrogen; USA; 1:200); CBS (Abcam; ab54883, UK; 1:200). Cells were gently washed with PBS and incubated for 10 min with diluted biotinylated secondary antibody, followed by a PBS wash. Further staining was carried out as described in Vectastain Elite Kit (Vector Laboratories, Burlingame, USA). The microscopic analysis was carried out in duplex dishes under inverted microscope AxiovertApotom 200 M, (Carl Zeiss, Germany).
The cells from suspension population were treated by similar procedure on the glass slidescoated with poly-Llysine. After above mentioned procedure of immunocytochemical labeling, cells from suspension fraction were incubated with peroxidase substrate solution during 10 min. To identify the reaction products, the slices were incubated in a substrate for detection of peroxidase (VIP Substrate Kit; Vector Laboratories, Burlingame, USA); the process of staining was controlled under a microscope. Then, the glass slides were washed out in three changes of phosphate buffer, dried at room temperature, dehydrated using a standard technique, and embedded in medium BioOptica (Italy). To estimate the specificity of the immunocytochemical reaction, we used negative control. The cells were incubated in a medium containing 1% nonimmune horse serum (instead of primary antibodies) for 2 h, and then all procedures were performed as was described above. In all control experiments, the immunopositivity in the studied cells was absent.
Statistical and Morphometric Analysis
For statistical and morphometric analysis we used software of microscope research class Axiovert 200 M with module Apotome. To do this, were obtained micrograph cell monolayer (for each version of the marking were removed and analyzed 10 non-overlapping fields of view with zoom lens X20). Densitometric investigation of the optical density of immunolabeled cells was performed using software Axiovision in microscope Axiovert. The optical density of immunoprecipitate marked cells were studied on the samples from 50 -100 cells. Analysis of morphometric parameters of cell culture is given in Table. Data are expressed as the mean ± S.E.M. and were analyzed with an ANOVA followed by post hoc Tukey's tests unless otherwise stated. P-values < 0.05 were considered to be statistically significant.
On the basis of morphometric analysis was allocated 5 morphological types of cells in accordance with generally accepted neurohistological classification [5] . The first class was attributed to cells the diameter of which was more than 40 μm. In second class were cells with the diameter from 20 to 40 μm, in third class cells with diameter of 15 to 20 μm, fourth from 10 to 15 μm, and the fifth class with diameter of less than 10 μm. Morphometric parameters and correlation study between some of the parameters were analyzed by Microsoft Excel 2010.
Results and Discussion
Morphometric analysis of dissociated salmon brain and spinal cord cells, grown on laminin coated duplex dishes, revealed 5 morphological types of cells in accordance with classification [5] . In the resulting cultures after four days, most cells were round with a small one, or two processes (Figure 1(A) ). We observed that our salmon primary cell culture was heterotypic (consisting of five main types of cells), representing the cellular composition of the adult salmon's brain and spinal cord in the monolayer (Figure 1(A) ) and suspension (Figure 1(B) ) fractions. Morphometric characteristics of cells are described in Table. Most of the cells in monolayer were round or oval in shape, while some cells were at the initial stage of formation of outgrowths.
In the present study, cells were isolated from the juvenile fishes brain, which, under proper culture conditions, formed neurospheres (Figure 1(C) ), contained PCNA-immunolabeled cells (Figure 1(D) ) and were self-renewing. We hypothesized that, these cells can be considered as intrinsic stem cells [6] . The intrinsic stem cells are likely to have originated from the proliferation zones in the brain regions contained proliferative zones [7] . In vivo, cells within these proliferation zones in O. masou persist during adulthood to undergo mitotic divisions and to produce new neurons [8] .
Existing reports about the presence of endogenous sulphides in the brain and about the role of H 2 S in facilitating the modulation of neuronal activity [9] lead us to analyze the CBS activity in masu salmon's brain.
CBS activity was identified both in cells of suspension fraction and in monolayer (Figure 1(E) ). Morphometric parameters of CBS-positive and -negative cells from brain of masu salmon are presented in Table. The The data also testify the participation of the transcription factor Pax6 in facilitating proliferation of the cells of the salmon's brain, and suggest H 2 S-dependent mechanisms for such participation (Figure 2) . The level of CBS activity in these cells is also high. Thus, the predominant cell type characterized by the highest level of expression of CBS, which were large and medium cells of 1 -3 types deprived of outgrowths and tended to be grouped into clusters. Figure 2 shows the results of a quantitative analysis of cells of 4 th and 5 th types in monolayer immunolabeled with CBS, Pax6 and PCNA that indicate high quantitative correspondence to these types of cells, which indirectly suggest that the small cells, which expressed CBS and Pax6 may be proliferating, and/or out from mitosis cells belonging to the same type. Based on these data, we concluded the existence of a positive correlation between small cells expressing CBS, Pax6 and PCNA in O. masou brain cells.
We then explored the identity of the remaining 39% non-neuronal (HuCD negative) cells in salmon brain and spinal cord cultures. While neuronal differentiation requires exit from the cell cycle, non-neuronal brain cells, including glia and stem/progenitor cells, are potentially mitotically active. Proliferating cell nuclear antigen (PCNA) is expressed in mitotic cells throughout the cell cycle with prominent nuclear expression [10] . Furthermore, some examples of cytoplasmic immunoreactivity have been reported [11] . Immunocytochemical analysis with anti-PCNA revealed subpopulations of PCNA positive, as well as PCNA negative cells (Table; Figure  1(D) ). Thus, the results of morphological and immunohistochemical analysis allow to conclude that: 1) Proliferative activity in primary culture cells in the brain of juvenile masu salmon is mainly present in suspension cell population of 4 th and 5 th type; 2) There is a positive correlation between cells expressing CBS, Pax6 and PCNA, which indicates the participation of hydrogen sulfide in proliferative activity of cells in postembryonic neurogenesis of masu salmon. 
Table.
Morphometric characteristic, number and optical density of immunoreactivity of PCNA-, CBS-and HuCD-positive and negative cells (M ± m) in monolayer of primary culture of masu salmon Oncorhynchus masou.
CBS-positive and negative cells
CBS-negative cells CBS-positive cells
Types of cells Large diameter μm
Small diameter μm
Percentage %
Large diameter μm
Small diameter μm
Percentage % Expression of HuCD, a marker of neuro differentiation, in primary culture has shown that this marker is expressed by cells of 2 -4 types in the masu salmon's brain (Figure 1(F) ). Our results indicate that cells exhibit various degrees of maturity in culture. Data suggest that the majority of HuCD positive cells are neuronally committed stem cells or differentiated neurons. In the suspension fraction, this marker was found among small cells that may indicate early neuro differentiation of cells released from the proliferative cycle. Investigation of the correlation relationships between HuCD, Pax6 and CBS-producing cells in the monolayer of masu salmon's brain, showed inverse correlation between the expressions of these markers (Figure 3) . Thus, among differentiated populations of large cells of the 2 nd type revealed the largest number of CBS-and Pax6-producing cells and the least amount of HuCD-immunopositive cells. Conversely, in the monolayer among small cells of the 4 th type, the largest percentage of HuCD-immunopositive and the lowest percentage Pax6 and CBS-producing cells were observed.
Optical density (E ± e)
Thus, the process of cell differentiation in obtaining primary culture is more characteristic for monolayer. The data obtained suggest that the hydrogen sulphide (H 2 S) is also involved in the process of neuronal differentiation; however, the nature of its participation appears to be nonlinear and inversely proportional in terms of mathematical correlations.
An important advantage of our heterogeneous culture system is that it simulates the diverse cellular composition of the juvenile masu salmon brain. Therefore, it may allow cell-cell interactions to occur that play important roles in physiological events such as development or restoration in vivo. However, to answer certain research questions, it may be necessary to isolate specific cellular populations from dissected brain utilizing purification techniques such as fluorescence-activated cell sorting (FACS) or immunopanning. It will be interesting to explore the mechanism behind the participation of H 2 S in neuronal proliferation and differentiation in correlation with the characteristic markers like PCNA, Pax6 and HuCD. Our further efforts will be directed to understand the underlying mechanism. The potential of our culture system is diverse as it could be used to investigate axonal growth and regeneration, neuronal/glia biology, or stem cell behavior. The neurons in our culture exhibit typical growth and morphological features. Our juvenile masu salmon brain cell culture provides a valuable tool to study numerous developmental and restorative events. Previously, mammalian neuronal cultures provided insight into axon growth mechanisms [12] , improved our understanding of regeneration-associated signaling pathways. Due to the intrinsic regenerative capacity of masu salmon CNS neurons in vivo, our system provides opportunity to explore axonal growth and regeneration utilizing a powerful genetic system and the controlled conditions of the culture. 
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